Purpose Based on available phase III trial data, we performed a cost-effectiveness analysis of different treatment strategies that can be used in patients with newly diagnosed HER2-positive metastatic breast cancer (mBC).
Introduction
The treatment of human epithelial growth factor receptor 2 (HER2)-positive breast cancer, which accounts for 20-25 % of all breast cancer patients, has rapidly evolved over the last decade [1, 2] . The clarification of the signaling pathway activated by HER2 and its impact on the formation of breast cancer, followed by the clinical development of effective HER2 targeted agents, have tremendously advanced the field of oncology. Since the initial approval of trastuzumab by the US Food and Drug Administration (FDA) in 1998, three other HER2 directed agents have been approved and have provided varying degrees of therapeutic benefit [3] . Lapatinib, a dual tyrosine kinase inhibitor that interrupts the HER2 and epidermal growth factor receptor (EGFR) pathways, in combination with capecitabine, received an FDA indication in 2007 for the treatment of HER2-positive mBC after progression on prior therapies [4] . The monoclonal HER2 directed antibody pertuzumab, when used in combination with docetaxel and trastuzumab, was approved in 2012 as 1st line therapy for HER2-positive metastatic breast cancer (mBC). The HER2 directed antibody-chemotherapy drug conjugate trastuzumab emtansine (T-DM1) received FDA approval in 2013 for treatment of HER2-positive mBC after progression with trastuzumab and a taxane.
HER2 targeting agents have had a dramatic impact on the natural history of HER2-positive mBC, as evidenced by a dramatic improvement in median OS-from 25 months with chemotherapy plus trastuzumab reported in 2001 by Slamon et al. to 56 months in the CLEOPATRA trial [5, 6] . Despite an unprecedented improvement in OS, HER2-positive mBC is still considered incurable in the vast majority of patients.
Based on recent phase III data, a consensus has emerged regarding the optimal initial sequencing strategy of HER2 targeted agents for HER2-positive mBC, which is reflected in recently published guidelines from American Society of Clinical Oncology (ASCO) and the National Comprehensive Cancer Network (NCCN) [7] . For patients with newly diagnosed advanced HER2-positive breast cancer, and candidates for combination chemotherapy, the combination of trastuzumab, pertuzumab, and docetaxel (THP) is recommended as the preferred initial treatment followed by trastuzumab emtansine (T-DM1) upon first disease progression [3] .
For third-line therapy, despite gaps in our current knowledge, most physicians favor lapatinib in combination with either capecitabine or trastuzumab [3] . As these agents are not used in a mutually exclusive fashion, practitioners in the U.S. have multiple treatment sequencing options to from which to choose. Traditionally, cost-effectiveness studies have evaluated one treatment line versus another, whereas in clinical practice, patients are often treated in a sequential fashion. A recent study, although failing to account for the sequential treatment, estimated that the addition of pertuzumab to docetaxel and trastuzumab as first-line treatment for HER2-positive mBC has a cost of $713,219 per QALY gained [8] .
Although the optimal sequence of first, second [and likely third] line HER2 therapies to date seems clear from a clinical standpoint, their optimal treatment sequence from a pharmacoeconomic standpoint remains uncertain. Hence, we evaluated the cost-effectiveness of first-line THP, followed by second-line T-DM1, and third-line lapatinib/capecitabine in women with newly diagnosed HER2-positive mBC compared to other possible sequencing strategies.
Patients and methods

Patients and interventions
Patients in our study were assumed to be similar to patients enrolled in the randomized phase III CLEOPATRA and EMILIA trials and were candidates to receive cytotoxic chemotherapy in combination with HER2 targeted therapy [9, 10] . HER2-positive/ER-positive is a minority of the HER2-positive subset of patients and our model was not aimed at sequencing endocrine therapy in this subset.
Due to the availability of different HER2 targeted agents, which can also be combined with several different cytotoxic chemotherapeutic drugs, there are several possible treatment sequences that can be given as first through third-line therapy. Published phase III trials and the recent ASCO consensus guidelines [3] were considered to identify 6 Department of Solid Tumor Oncology, Cleveland Clinic, Taussig Cancer Institute, 9500 Euclid Avenue, Cleveland, OH 44195, USA the potential treatment sequences for HER2-positive mBC. The following treatment sequences were derived:
• Sequence 1 (optimal clinical sequence). 1st line:
pertuzumab plus trastuzumab plus docetaxel [THP]; [9] 2nd line: T-DM1; [10] 3rd line: capecitabine plus lapatinib [4] (THP ? T-DM1 ? Cape/Lapat).
• Sequence 2 (pertuzumab, no T-DM1). 1st line: THP [9] ; 2nd line: trastuzumab plus lapatinib [11] ; 3rd line: trastuzumab plus capecitabine [12] (THP ? Trastuz/ Lapat ? Trastuz/Cape).
• Sequence 3 (T-DM1, no pertuzumab). 1st line: trastuzumab plus docetaxel [9] ; 2nd line: T-DM1 [10] ; 3rd line: trastuzumab plus lapatinib [11] (Trastuz/Docet ? T-DM1 ? Trastuz/Lapat).
• Sequence 4 (No T-DM1 or pertuzumab). 1st line: trastuzumab plus docetaxel [9] ; 2nd line: trastuzumab plus lapatinib [11] ; 3rd line: trastuzumab plus capecitabine [12] (Trastuz/Docet ? Trastuz/Lapat ? Trastuz/Cape).
Decision-analytic model overview
We developed a Markov model using TreeAge Pro 2016 (TreeAge Software Inc., Williamstown, MA, USA). This model was used to assess the cost-effectiveness of four different HER2 targeted treatment sequences in US patients with HER2-positive mBC, from a U.S Centers for Medicaid and Medicare Services (CMS) perspective. The health states were PFS 1st line, PFS 2nd line, PFS 3rd line, and death. The analysis was conducted over the remaining life expectancy of patients. A one-week cycle was set to match the patient assessment time interval used in most clinical trials. At disease progression, patients were assumed to move to the next therapy in the treatment sequence.
Patients entered the model once they were considered eligible to initiate treatment ( Fig. 1) . At that point, all patients were in the PFS 1st line with no adverse events state and transitioned to the other health states based upon transition probabilities. Patients who experienced disease progression (with and without grade 3 or 4 adverse events; sAEs) and those who did not progress, but develop sAEs, moved to the next line treatment of the corresponding sequence. If all treatments in the sequence failed to maintain patients in the PFS state, we assumed that palliative care was initiated for a period of 3 months, with patients ultimately dying upon completion [13] .
The outcomes of interest were PFS, OS, costs (in 2015 US dollars), QALYs, the incremental cost per QALY gained ratio, and the net monetary benefit (NMB) [14] . Benchmark willingness-to-pay (WTP) thresholds [15] [16] [17] [18] ($50,000 per QALY, $100,000 per QALY, $150,000 per QALY, and $200,000 per QALY) were used to establish the cost-effectiveness of the treatment sequences.
Model input parameters
Transition probabilities
The estimation of transition probabilities consisted of two steps: 1) individual patient data (IPD) reconstruction from published PFS and OS Kaplan-Meier (KM) curves, [4, [9] [10] [11] [12] 19] and 2) survival modeling for the estimation of transition probabilities in model-based economic evaluations in the absence of IPD.
WebPlotDigitizerÒ (Version 3.4; Ankit Rohatgi, Austin, TX) was used to extract the coordinates of the PFS and OS KM curves, which were further used to reconstruct IPD for OS and PFS [20, 21] . Then, standard parametric distributions (exponential, Weibull, Gompertz, lognormal, and loglogistic) were tested for goodness-of-fit to the reconstructed IPD using graphical (Cox-Snell residuals) and analytical tests [Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC)]. The log-logistic distribution best fitted the OS and PFS IPD. The shape and scale of the log-logistic distributions for OS and PFS KM curves were used to estimate the transitional probability equations [21] . These equations were transformed to match the weekly cycle length considered in our model (Appendix 1 of the supplement).
Medical resource use and costs
Costs were identified according to the U.S. CMS perspective, and measured based on medical resources used (Appendix 2 of the Supplement). Costs were inflated using the Consumer Price Index (CPI) inflation calculator from the Bureau Labor of Statistics (available at http://www.bls. gov/data/inflation_calculator.htm).
Only direct medical costs were considered, and included costs associated with the acquisition of treatments [22] , medical visits [23] , computed tomography (CT) scans [23] , echocardiograms [23] , laboratory tests [24] , medical management of the most common treatment-related sAEs observed in each clinical trial including the use of prophylactic granulocyte-colony stimulating factor (G-CSF) [25] [26] [27] , and the costs associated with palliative end-of-life care [13] (Table 1 ). According to expert opinion, grade 1-2 adverse events were excluded because they were assumed to not have a significant effect on costs. Additionally, accrued costs due to hospitalization were excluded since it was assumed that none of the patients on trial were hospitalized. Finally, the cost of infusion and those for chemorelated pre-medications and ''PRN'' medications were excluded from the analysis. For each combination of treatments, the cost of the management of treatment-related sAEs (C MAEs ) was calculated as the weighted sum of the sAEs observed among at least 5 % of patients in each trial and their associated cost.
The distributions of the most common sAEs were obtained from clinical trials [9] [10] [11] [12] 19] while the cost associated with each sAE considered was captured from the published literature [25] [26] [27] . A one-time palliative care cost was applied to patients who experienced disease progression after third-line therapy and those who discontinued third-line treatment due to sAEs. All assumptions regarding the estimation of costs are presented in Appendix 2 of the supplement.
Health utilities
Health utilities were assumed to be independent of the therapies, but dependent upon their associated sAEs, progression status, and therapy line. It was also assumed that the baseline utility of patients in the model would decrease as they progressed through lines of treatment.
Baseline utility values for various combinations of mBC states and sAEs were estimated by summing and backtransforming the parameter estimates of a mixed model with random effects on patient level used to develop predictors of utilities for these states and adverse events [28] .
Similar sources [29] [30] [31] were used for the coefficients of the sAEs that were not reported in the Lloyd et al. (2006) study [28] . For each combination of treatments, disutility for adverse events was calculated as the weighted sum of the treatment-related sAEs observed among at least 5 % of patients in each trial and their associated disutilities. All assumptions regarding the estimation of health utility weights are presented in Appendix 3 of the supplement.
Discounting and half-cycle correction
All costs and utilities were discounted at a 3.5 % annual rate [32, 33] , which was converted into a weekly discount rate (Appendix 2). A half-cycle correction was applied to costs and QALYs.
Sensitivity analyses
A tornado analysis was conducted to determine the key parameters affecting the ICERs of the following pairwise comparisons of treatment sequences: (1) Original costs inflated using Consumer Price Index (CPI) inflation calculator from the Bureau Labor of Statistics, available at http://www.bls.gov/data/inflation_calculator.htm $ Original costs expressed in Swedish Krona were converted into US dollars using the current exchange rate and expressed in 2014 US dollars varied according to their associated range. In the absence of data for the range of a parameter, its baseline value was varied between 25 and 50 % ( Table 1) . Probabilistic sensitivity analysis (PSA) with 10,000 Monte Carlo simulations was carried-out to assess the effect of the joint model parameter uncertainty on the ICERs (Table 1 ). The choice of PSA distribution was made using standard statistical methods [34] . Cost-effectiveness acceptability curves (CEAC) were developed from these simulations.
Results
Base-case analysis
The efficiency frontier plot revealed that THP ? Trastuz/ Lapat ? Trastuz/Cape was extendedly dominated by a combination of THP ? T-DM1 ? Cape/Lapat and Trastuz/Docet ? Trastuz/Lapat ? Trastuz/Cape (Fig. 2) . The comparison of ICERs of the pairwise comparisons of nondominated options suggested that THP ? T-DM1 ? Cape/ Lapat was not cost-effective when compared to Trastuz/ Docet ? T-DM1 ? Trastuz/Lapat, irrespective of the WTP thresholds. Trastuz/Docet ? Trastuz/Lapat ? Trastuz/Cape was cost-effective compared to Trastuz/Docet ? T-DM1 ? Trastuz/Lapat only when the WTP threshold was set at $200,000 (Table 2) .
Using the NMB approach, Trastuz/Docet ? T-DM1 ? Trastuz/Lapat was found to be the most cost-effective sequence, followed by Trastuz/Docet ? Trastuz/ Lapat ? Trastuz/Cape, and finally THP ? T-DM1 ? Cape/Lapat.
Sensitivity analyses
The tornado sensitivity analysis did not result in major deviations from the base-case analysis (Appendix 4). The . The CEAC suggests that if a QALY were worth $50,000, THP ? T-DM1 ? Cape/Lapat would have had a zero probability of being cost-effective compared to each of the remaining treatment sequences (Fig. 3) .
Discussion
Although targeted therapies have significantly improved the survival of patients with HER2-positive mBC, they have also been associated with significant acquisition costs. In this paper, we compared the cost-effectiveness of four potential sequences used in phase III trials and that are FDA approved for this patient population. Consistent with the phase III clinical trials, THP ? T-DM1 ? Cape/Lapat was the most clinically effective sequence, but was associated with the highest total cost in our base-case analysis. In order for THP ? T-DM1 ? Cape/Lapat to be a cost-effective approach, the WTP threshold would have to be U.S. $398,444.17/QALY. Trastuz/ Docet ? T-DM1 ? Trastuz/Lapat, which excluded treatment with pertuzumab, was the least clinically effective, but most cost-effective sequence. Meanwhile, THP ? Trastuz/Lapat ? Trastuz/Cape (no T-DM1) was extendedly dominated.
Recently, Durkee et al. performed a cost-effectiveness analysis of pertuzumab in the management of treatment naïve HER2-positive mBC, and with an ICER of US$713,219/ QALY, found the addition of pertuzumab to docetaxel and trastuzumab to not be cost-effective, when compared to docetaxel and trastuzumab alone [8] . In contrast to our analysis, which assigned costs in the stable disease state and assumed most patients with HER2-positive mBC cancer would receive sequential lines of HER2 targeted therapy, Durkee et al. used costs in the progression disease state and assumed the patients would only receive one line of HER2 directed therapy, after initial progression on pertuzumab, an assumption that does not reflect the standard clinical prescribing practice among oncology clinicians in the U.S. The evidence review group (ERG) for the National Institute for Health and Care Excellence (NICE) in the UK preliminarily estimated an ICER of £166,429 (approximately US$250,000) QALY gained for trastuzumab emtansine, compared with lapatinib plus capecitabine [35] . Based upon the commonly accepted WTP threshold of £30,000/QALY, NICE recently advised against the use of pertuzumab and T-DM1 for HER2 positive mBC.
COSTS QALYS
This study is the first to evaluate the cost-effectiveness of several potential treatment sequences rather than just the addition of a new agent in the management of HER2-positive mBC. While cost-effectiveness evaluations in the U.S. are currently not considered in the FDA approval evaluation or private and public health insurance coverage, it is clear that current unregulated, manufacturer-based pricing policies are unsustainable for the US economy [36] . At current prices, using WTP thresholds that are less than $200,000, treatment sequences, including that in which was studied in CLEOPATRA (pertuzumab and T-DM1), are not cost-effective for the treatment of HER2-positive mBC. THP ? T-DM1 ? Cape/Lapat becomes cost-effective compared to Trastuz/Docet ? Trastuz/Lapat ? Trastuz/ Cape when the WTP threshold is at least $200,000. Our model is subject to limitations. First, the treatment sequences did not include the clinical approach of adding endocrine blockade to HER2 targeting (Pertuzumab and Trastuzumab) after the cytotoxic component is dropped. To our defense, trials evaluating this approach are ongoing and as such data are very limited. For this reason, we assumed that patients entering our model were both HER2-positive and candidates for chemotherapy. Second, we did not include the cost of positron emission tomography and computed tomography (PET-CT) scan, which is often used in restaging. Nonetheless, the main input parameters for our model were sourced from available phase III clinical trials, which did not use PET-CT.
Notwithstanding these limitations, we believe the results of our analysis to be robust. The development and reporting of our methods was done in light of the joint recommendations of the International Society for Pharmacoeconomics and Outcomes Research (ISPOR) and Society for Medical Decision Making (SMDM) good research practices for model transparency and validation [37] . The identification of the treatment sequences was done by experienced oncologists, based on available published phase III trials and ASCO consensus guidelines [3] . The Markov cycle length considered allowed capturing small variations in the estimation of transitional probabilities and costs among competing alternatives. Patients in our model were also able to live the remaining life expectancies at the completion of our simulations, which reflects real-life conditions. The estimation of transitional probabilities was done using appropriate epidemiological and statistical techniques such as IPD reconstruction and parametric survival model fitting. The estimation of health utilities was based on published literature and was adjusted to reflect some demographic characteristics of patients included in our model. Deterministic and probabilistic sensitivity analyses assessed the impact of uncertainty on our initial results. Finally, our analysis is transparent enough to allow interested readers to replicate or build on the methods presented in this paper. Readers are redirected to a supplemental online file where further explanations are provided should they need it.
The results of this study raise an important dilemma that has emerged in oncology, where the most clinically effective drugs are typically not the most cost-effective therapeutic options. Thus, practitioners caring for cancer patients, who inherently wish to provide the most clinically effective treatments, are often faced with a difficult predicament. As opposed to many other new agents in oncology that have been FDA approved during this era of precision medicine, both pertuzumab and T-DM1 have demonstrated to produce a very significant long-term patient benefit, when compared to previous treatments. The clinical benefit is so profound that most practitioners would not accept treating patients according to their cost-effectiveness profile. Should we consider a value-based pricing approach, a strategy that helps identify the price at which a treatment becomes cost-effective, our analysis suggests the following pricing guidelines:
• The sequence containing pertuzumab and T-DM1
dominates Trastuz/Docet ? Trastuz/Lapat ? Trastuz/ Cape when the acquisition cost of T-DM1 is 50 % less than its current price.
• The sequence containing pertuzumab and T-DM1 is cost-effective compared to Trastuz/Docet ? Trastuz/ Lapat ? Trastuz/Cape, at a WTP threshold of $52,000, when the acquisition cost of pertuzumab (loading and/ or maintenance doses) is approximately 50 % less than its current price.
• THP ? T-DM1 ? Cape/Lapat is cost-effective compared to Trastuz/Docet ? T-DM1 ? Trastuz/Lapat and Trastuz/Docet ? Trastuz/Lapat ? Trastuz/Cape, at a WTP threshold of $186,000, when the acquisition costs of pertuzumab and T-DM1 is a fourth of their current price.
Pursuit of value-based pricing and the establishment of an institution analogous to United Kingdom (UK)'s NICE in the U.S. would seem to be one logical approach to overcome this dilemma between the optimal treatment approaches in oncology increasingly being the least costeffective options.
